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Cytogenetics is an area of genomics focusing on chromosome number, structure, and composition, collectively referred to as a karyotype. Various karyotyping technologies can be used to detect structural chromosomal abnormalities, such as deletions, insertions, translocations, and numerical chromosomal aberrations (aneuploidy). Chromosomal abnormalities and aneuploidy have many pathological associations: Congenital somatic chromosome aneuploidy affects human development, causing embryonic lethality or developmental defects (1, 2) , and aneuploidy and other chromosomal aberrations constitute an established hallmark of cancer, with a majority of tumors displaying chromosomal gains, losses, and structural re-arrangements (3, 4) . The karyotype defines the structural organization of the genome, and monitoring karyotypic changes provides important insights into gene expression and dynamics (5, 6) . The development of karyotyping technology has enabled a greater understanding of chromosomal alterations in development and disease.
One important cytogenetics method is multicolor (multispectral or spectral) karyotyping. It is used in biomedical research and has clinical applications (7) (8) (9) . Spectral karyotyping is instrumental in detecting whole chromosome gains and losses and can reveal structural aberrations of the chromosome, such as translocations, at the single-cell level. In this method, metaphase chromosomes are spread on a glass slide and hybridized to a cocktail of chromosome-specific fluorescent probes. Probes for DNA hybridization are typically generated by PCR amplification of individual chromosome pools separated by fluorescence activated sorting (FACS). These probes paint each chromosome with a unique combination of colors, making the chromosomes distinguishable from one another by microscopy imaging and analysis.
Discerning combinations of fluorochromes whose emission spectra can overlap is non-trivial and involves spectral imaging. Currently, two methods have been implemented to identify the spectral composition of chromosomes hybridized with multicolor probes. The first, multiplex fluorescence in situ hybridization (M-FISH), utilizes fluorochrome-specific optical filters Multispectral karyotyping analyzes all chromosomes in a single cell by labeling them with chromosome-specific probes conjugated to unique combinations of fluorophores. Currently available multispectral karyotyping systems require the purchase of specialized equipment and reagents. However, conventional laser scanning confocal microscopes that are capable of separating multiple overlapping emission spectra through spectral imaging and linear unmixing can be utilized for classifying chromosomes painted with multicolor probes. Here, we generated multicolor chromosome paints from single-sorted human and mouse chromosomes and developed the Karyotype Identification via Spectral Separation (KISS) analysis package, a set of freely available open source ImageJ tools for spectral unmixing and karyotyping. Chromosome spreads painted with our multispectral probe sets can be imaged on widely available spectral laser scanning confocal microscopes and analyzed using our ImageJ tools. Together, our probes and software enable academic labs with access to a laser-scanning spectral microscope to perform multicolor karyotyping in a cost-effective manner.
Reports

METHOD SUMMARY
Here we generated sets of chromosome paints from single-sorted human and mouse chromosomes for multispectral karyotyping that can be imaged on any spectral microscope. To complement this methodology, we also present a companion analysis package, Karyotype Identification via Spectral Separation (KISS), which is compatible with open source programs such as ImageJ or FIJI.
Vol. 59 | No. 6 | 2015 (10, 11) , while the second, spectral karyotyping (SKY), relies on interferometry (12) . Image acquisition in M-FISH involves imaging of each fluorescent color using specialized fluorochrome-specific narrow band-pass filters, and data are analyzed with M-FISH software that classifies each chromosome based on its fluorescent composition (10) . The SKY interferometer method generates a fluorochrome-specific difference in optical path that provides spectral information about the object through a Fourier transform. Spectral emission data are analyzed using the software that classifies pixels in the multispectral image and performs karyotyping based on this classification (12) .
Since both of these technologies were introduced in 1996, SKY has been widely used in research and medicine worldwide. However, SKY probes, along with the imaging and analysis platforms, are costly and are available commercially only from Applied Spectral Imaging. SKY probes for human and mouse are only available to SKY system owners. M-FISH modules, probes, and software are commercially available from the ZEISS Microscopy online store (www.micro-shop.zeiss.com/). Prohibitive costs of probes, equipment, and software often preclude academic researchers from using these technologies or stimulate outsourcing of karyotype analysis to service companies.
Over the past 20 years, multicolor fluorescence microscopes have been improved vastly. There has also been an increase in the variety of available fluorophores that can be utilized to label DNA. While the commercially available SKY and M-FISH systems utilize special filters and interferometer technology, modern advances in spectral imaging can make spectral karyotyping simpler, more efficient, and more accessible than ever before.
Here, we generated multicolor chromosome paint probes from singlesorted human and mouse chromosomes and employed spectral imaging and spectral unmixing to separate fluorescence emissions and identify chromosomes. We have also assembled a set of freely available, open source ImageJ plugins that perform chromosome segmentation, spectral unmixing, and karyotyping for human and mouse chromosomes ( Figure  1A ). Chromosome spreads painted with our multispectral probe sets can be imaged on various spectral laser scanning confocal microscopes and then analyzed using ImageJ.
Materials and methods
Single-chromosome sorting
To produce a cocktail of chromosomespecific, fluorescently labeled probes, we started by generating individual chromosome probes, which were subsequently combined into multicolor chromosome paints. Initially, individual probes were made from several hundred flow-sorted chromosomes as in References 13 and 14. However, these individual probes frequently cross-reacted with other chromosomes, indicating that the FACS-sorted populations were not sufficiently pure. To circumvent this problem, we utilized a single-chromosome sorting approach where only a single chromosome was sorted per tube for each PCR reaction. This approach precludes the possibility of contamination by other chromosomes and allows generation of highly specific probes (15) . Human chromosomes used for sorting were isolated from the primary human fibroblast cell line Hs27 (Figure 1B ), or the hTERTimmortalized diploid cell lines CHON-002 (CRL-2847) and RPE1 (CRL-4000), both obtained from the American Type Culture Collection (ATCC) (Manassas, VA). Mouse chromosomes were isolated from a feederindependent embryonic stem cell line, E14 ( Figure 1C) , and from cultured splenocytes of B6 mice obtained from Stowers Institute with dUTP conjugated to fluorochrome or biotin (Jena Bioscience GmbH, Jena, Germany). The first round of DOP-PCR amplified DNA from single-sorted chromosomes. First round amplifications were evaluated by electrophoresis. Successful first round amplifications that contained high concentrations (>30 ng/ml) of PCR product and increased proportions of high molecular weight products were amplified again to generate enough material for nextgeneration sequencing (NGS) reactions and fluorescent labeling. These probes were fluorescently labeled with dUTPs conjugated to Atto-550 (Jena Bioscience GmbH). Fluorescently labeled PCR product (probe) was precipitated with ethanol and re-suspended in formamide hybridization solution. Each probe was tested individually by hybridization to human or mouse chromosome spreads from normal euploid cell lines. Probes that demonstrated strong and specific labeling were selected for validation by NGS. Sequence reads were mapped to the human genome using the short read alignment program bowtie (http://bowtie-bio.sourceforge.net) with parameters allowing up to 2 mismatches, and discarding reads that mapped to the genome more than once. The resulting BAM files were sorted, indexed, and summarized using samtools idxstats (www.htslib. org/) to attain mapped read counts per chromosome. The percentage of reads mapped to each human chromosome was calculated, plotted, and used to determine the identity of each probe ( Figure 2 ). When all single-sorted chromosome probes were validated with NGS, multicolor labeling reactions were carried out to produce a cocktail of chromosome-specific, fluorescently labeled probes.
Reverse identification of clustered chromosomes
Not all human and mouse chromosomes could be resolved by FACS-sorting due to similarities in size and AT/GC content. For instance, human chromosomes 9, 10, 11, and 12 cluster as a single population ( Figure  2A ). Mouse karyotypes had three clusters that could not be resolved by FACS: 1 and 2; 10, 12, and 14; and 11 and 13 ( Figure 1C ). To generate chromosome-specific probes for these clusters, we used a reverse identification approach. First, chromosomes from these clusters were sorted into 96-well plates at one object per well and amplified by DOP-PCR ( Figure 2A) . Next, suitable probes were fluorescently labeled with dUTPs conjugated to Atto-550 dyes and tested by hybridization for quality labeling ( Figure 2B ). Probes that demonstrated the brightest labeling were selected for identification by next-generation DNA sequencing (DNAseq). For example, the probe shown in Figure 2 , A and B was identified as chromosome 11 ( Figure 2, C and D) . After establishing the identity by DNAseq, probes were color-coded and used in multicolor chromosome paint.
Dye selection and the chromosome code Validated probes were labeled by PCR incorporation of dUTPs tagged with four spectrally distinct fluorescent dyes and biotin. Fluorescent dUTPs were conjugated with rhodamine green (A), and three Atto dyes (Jena Bioscience GmbH): Atto-532(B), Atto-550 (C), Atto-590 (D). Biotin was labeled with streptavidin conjugated to Cy5 (Jena Bioscience GmbH). These fluorescent labels were selected based on their distinguishable emission spectra and the ability to be incorporated into PCR products by DNA polymerase. Each chromosome-specific painting probe was encoded by a unique combination of one to four dyes (Table 1) . Labeled probes were pooled and pre-annealed to mouse or human Cot-1 DNA containing sequences enriched for repetitive elements such as Alu repeats and centromeric DNA. Pre-annealing ensures that non-specific repetitive elements in the chromosome-painting probes are blocked from hybridizing to chromosome spreads. After the hybridization reaction, biotin was labeled with streptavidin conjugated to Cy5. DNA labeling with Hoechst 33342 was carried out as the last step before mounting the specimen. Our probe avoids digoxigenin antibody labeling step, which shortens the time needed for specimen preparation compared with the SKY method. Individual dyes for collecting spectra necessary for spectral unmixing were prepared in the same mounting medium as the specimen. A detailed protocol for labeling chromosome spreads is included in the Supplementary Material.
Spectral imaging and karyotype identification via spectral separation
While both SKY and M-FISH technologies continue to use wide-field fluorescence microscopy, many types of microscopes capable of spectral imaging are available at present, including several confocal microscopes. In our study, laserscanning confocal microscopes LSM-710 and LSM-780 (Carl Zeiss Microimaging, Jena, Germany). Both microscopes were equipped with a QUASAR detection unit that can acquire with a single scan an entire range of emission wavelengths (in 10
Image processing and karyotyping were performed with a set of custom open source ImageJ (NIH, Bethesda, MD) plugins called Karyotype Identification via Spectral Separation (KISS), freely available at http:// research.stowers.org/imagejplugins/KISS_ analysis.html. Briefly, the plugins perform interactive background subtraction, spectral unmixing, interactive chromosome segmentation, and interactive karyotyping based on dye composition. Chromosome segmentation is performed using a semi-automated method based on the Hoechst image. First, the image is smoothed with a Gaussian blur with a 1 pixel standard deviation and then segmented with a manually chosen fractional threshold and object area limits to eliminate dirt and intact nuclei. Next, chromosomes too close to be separated by thresholding are manually separated. Finally overlapping chromosomes are separated into non-overlapping parts and then linked together for karyotyping.
Spectral unmixing was performed using the standard non-weighted linear least-squares method after subtraction of a manually selected background region. Spectral unmixing was performed on images excited with 488, 561, and 633 nm wavelengths, separately, with only the 500-x nm spectral region of the 488 nm image and the 560-x nm spectral region of the 633 nm image utilized for the unmixing. This avoids unnecessary interference from potential autofluorescent signal in those Vol. 59 | No. 6 | 2015 unneeded spectral regions. Note that the Atto-532 dye is excited at both 488 and 561 nm. Similarly, the Atto-590 dye is excited at both 561 nm and 633 nm. In both cases, the higher wavelength excitation result along with anti-stokes emission was used for further analysis due to lower autofluorescence contamination in these images.
Statistical analysis of the dye concentrations hybridized on each chromosome was assessed based on average unmixed intensities for the selected segmented chromosomes. Given the differential labeling, excitation, and detection efficiency of the dyes used, it was necessary to normalize the concentrations on an image-by-image basis. Given that at least four chromosomes were positive for each dye, the maximum and minimum dye concentrations were determined from the average of the highest and lowest four concentrations for each chromosome, respectively. In addition, we noticed that chromosomes were labeled with differential overall efficiency. Therefore all normalized fractional concentrations were divided by the strongest signal for that particular chromosome. The resulting fractional concentrations were compared with manually selected thresholds for each dye as well as the chromosome area to generate binary signal contributions for each chromosome. If these binary contributions are identical to the designed combinatorial code (Table 1) , the chromosome is automatically assigned. Otherwise, chromosomes remain unassigned. The chromosomal code in the KISS software can be customized if probes are encoded with different combinations of colors than those shown in Table  1 (for more details see the software manual in the Supplementary Material).
False color images were also generated using the same normalization factors, but for each pixel individually. These pixel-bypixel concentrations were multiplied by the user-specified artificial dye colors for each dye channel to generate a composite image. Given the variegated nature of FISH probe labeling as well as the desire to avoid biased translocation assignment, we avoided automatic edge finding. Instead, we opted for an unbiased smoothing technique that performs Gaussian blurring only within the segmented objects. Alternatively, for noisy data and when translocations are not of interest, the user can average the concentration coloring uniformly over each entire chromosome. Colors can be toggled on and off individually for a more detailed analysis. 
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From this point onward, karyotyping proceeds manually based on false coloring, shape, and the normalized fractional contribution of each dye. To aid this process, the program can list possible matches in order of likelihood based on least-squares comparisons to the specified letter code. Finally, karyotype analyses can be saved to a ".kiss" file for further analysis or presentation. Alternatively, all images can be kept as standard ImageJ color images and further processed and saved for presentation or publication.
A detailed manual is provided in the Supplementary Material. In addition, the manual as well as sample human and mouse data are also available at http:// research.stowers.org/imagejplugins/ KISS_analysis.html.
Results and discussion
Using our spectral karyotyping system, we examined karyotypes from tetraploid clonal derivatives of the human RPE1 cell line (Figure 3) . Tetraploidization, or genome doubling, is recognized as a prominent event of tumorigenesis in mammalian cells, because it could present an evolutionary step that allows tumors to become more genetically diverse and aggressive (16) (17) (18) (19) (20) (21) . RPE1 is a cell line derived from a normal human retinal pigmented epithelium cell culture immortalized with stable expression of human telomerase (22) . This is a cell line of female origin containing 46 chromosomes, with one normal X-chromosome and one derivative X-chromosome possessing an adjoined piece of chromosome 10 at the end of the q-arm. The tetraploid RPE1 clone shown in Figure 3 was derived from cultured cells transiently treated with an inhibitor of Aurora B kinase, followed by single-cell sub-cloning. Ploidy estimation by FACS analysis showed doubling of the DNA content ( Figure 3A) . However, counting chromosomes yielded the modal number of 94, indicating the presence of 2 additional chromosomes above the expected tetraploidy. Spectral unmixing and karyotyping showed six copies of chromosome 12, while the remaining somatic chromosomes displayed four copies. Our analysis also confirmed the derivative X chromosome: two copies of X showed an extra piece of chromosome 10 at the end of the q-arm, and the other two were normal X chromosomes ( Figure 3B ). Hexasomy of chromosome 12 was confirmed with a single probe specific for human chromosome 12 Vol. 59 | No. 6 | 2015 that was generated by single-chromosome sort and validated by NGS ( Figure 3C ). Hybridization of a probe specific for human chromosome 1 showed four copies of this chromosome, as expected ( Figure 3D ). This example demonstrates our KISS method is suitable for karyotyping human cells having abnormally high ploidy and chromosome numbers.
Next we determined the karyotypes of mouse aneuploid neuronal stem cell (NSC) lines. The presence of spontaneous aneuploidy in neuronal cells has been welldocumented (23) (24) (25) (26) (27) , yet the functional significance of this phenomenon remains elusive. Here, aneuploid NSC clones were derived from primary NSCs isolated from embryonic mouse brain and propagated to form neurospheres. Neurospheres were then dissociated for ex vivo expansion to form single-cell clones. The ploidy of these clonal NSCs was first examined using mitotic chromosome counting, which showed aneuploidy in a fraction of the single-cell clones. The aneuploid NSC clone shown in Figure 4 has a chromosome number of 41, as opposed to the normal chromosome number of 40 in a diploid mouse cell.
However, chromosome copy number analysis conducted by NGS indicated two extra chromosomes: chromosome 1 and chromosome 19 ( Figure 4A ). Moreover, according to the DNA sequencing data, a small region of chromosome 1 adjacent to the centromere did not show increased copy number, indicating a small deletion on one of the chromosomes ( Figure 4A ).
Examining the chromosome morphology in metaphase spreads identified one chromosome with aberrantly long arms ( Figure 4B, arrow) . Spectral karyotyping revealed this extra-long chromosome was actually a fusion between chromosome 3 and an additional chromosome 1 joined to the Q-arm of chromosome 3 ( Figure 4 , C and D). Our karyotyping also revealed an extra chromosome 19 in this aneuploid clone ( Figure 4C ). Therefore, even though this NSC clone contains 41 chromosomes, the actual chromosome copy number is increased for 2 chromosomes, chromosome 1 and chromosome 19, confirming the NGS findings. Consistent with the NGS data, our KISS method revealed that the extra chromosome 1 added onto chromosome 3 lost a centromere and a small range of the adjacent DNA sequence. Finally, chromosome 3 also showed a small subtelomeric deletion in one copy, indicating a breakpoint fusion event between a subtelomeric region of chromosome 3 and a nearcentromeric region of chromosome 1.
To test the utility of our karyotyping methodology for examining cancer karyotypes, we analyzed two cancer-derived cell lines: LoVo colon adenocarcinoma and NCI-H209 small cell lung carcinoma. Instead of performing NGS, the karyotype of this cell line was determined by the DNA copy number information available through the Cancer Cell Line Encyclopedia (CCLE) at the Broad Institute (www.broadinstitute. org/ccle) (28) . CCLE contains genetic information from a large panel of human cancer cell lines, including DNA copy number obtained by SNP array. CCLE data indicated increased copies of chromosomes 5, 7, 12, and 15 in the LoVo cell line (Supplementary Figure S1A) , the same copy number result obtained by KISS analysis (Supplementary Figure S1B) . The latter also showed two structural aberrations not discernable by the SNP array: a translocation of a piece of chromosome 2 onto chromosome 12 and REPORTS a large metacentric isochromosome formed by fusion of two copies of chromosome 15 at the centromeric region.
The karyotype of the NCI-H209 cell line (Supplementary Figure S2) was more complex, containing multiple re-arranged chromosomes and exhibiting cell-to-cell variation, indicating genomic instability. The CCLE DNA copy number analysis indicated gains and losses of multiple chromosomal segments (Supplementary Figure S2A) . Karyotyping of this cell line using our KISS method revealed multiple structural re-arrangements. Two representative karyotypes are shown in Supplementary Figure  S2B . Gains of large fragments of chromosomes 6, 7, and 8 corresponded with extra segments observed by the spectral karyotyping. Partial losses of chromosomes 1, 3, 4, 5, and 10 may be explained by structural rearrangements of these chromosomes. Karyotypes of both chromosomal spreads are detailed in the figure legend.
Multicolor karyotyping remains an important cytogenetic tool for discerning chromosome copy number variations and identifying segmental rearrangements of chromosomes on a single-cell basis. However, these methods are inadequate for identifying small structural genomic changes and can only be applied to actively dividing cells. Other, more recent array-based and sequencing-based molecular cytogenetics methods have improved detection of small numerical or structural chromosomal aberrations (29) and do not require mitotic cells, but these have their own limitations (30) . Array-based Comparative Genomic Hybridization (CGH), has been widely used to detect whole chromosome or segmental aneuploidy. CGH arrays consist of immobilized nucleic acid sequences labeled with one fluorophore that are hybridized to complementary target sequences labeled with another fluorophore. Fluorescence ratios provide a representation of the relative DNA copy number. This method is sensitive, specific, and does not require mitotic cells. However, unlike multicolor karyotyping, it cannot detect genetic re-arrangements and does not provide single-cell resolution of the karyotype (31), which becomes an issue when the population is karyotypically heterogeneous.
Since the development of NGS, many karyotypic features can be determined by deep sequencing of the entire genome of the sample. This technology allows simultaneous sequencing of the entire pool of DNA by producing sequence reads, which are then mapped to the reference genome (32) . At sufficient genome coverage by sequence reads, NGS can detect even small genomic amplifications or deletions. The paired-end read mapping NGS technique also allows for detecting chromosomal rearrangements (31). Recently, it became possible to obtain genome-wide copy number information by NGS from single cells (33, 34) . However, this approach cannot detect certain genome rearrangements, such as balanced translocations. At this time, NGS technology, especially on the singlecell level, is still demanding in terms of resources, equipment, and computational power.
Our results demonstrate the benefit of combining karyotyping and sequencing data to improve karyotype accuracy. Karyotyping by chromosome painting remains an indispensable cytogenetics tool, especially for single-cell analyses. However, the SKY method is costly, requiring the purchase of proprietary equipment and software in addition to painting probes. Our newly developed human and mouse probes are amenable to imaging on spectral micro- 
